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Quantitative Comparison of Genetic Effects
of Ethylating Agents on the Basis of DNA
Adduct Formation. Use of 06-Ethylguanine
as Molecular Dosimeter for Extrapolation
from Cells in Culture to the Mouse
by Albert A. van Zeeland,*t Georges R. Mohn,* Angelika
Neuhauser-Klaus,* and Udo H. Ehlingt
DNA-adductformation andinductionofgenemutations weredetermined simultaneously aftertreatment
with the four ethylating agents, ethyl methanesulfonate (EMS), ethylnitrosourea (ENU), diethyl sulfate
(DES), and N-ethyl-N'-nitro-N-nitrosoguanidine (ENNG). Both, in E. coli K-12 (NAL-resistance) and in
V79 Chinese hamster cells in culture (HPRT-deficiency), the frequencies of mutation induction by all
chemicals were the same when plotted against the amount of06-ethylguanine formed in DNA, suggesting
that this DNA adduct can be used as a common dosimeter for the comparisons ofthe frequencies of gene
mutations induced by ethylating agents in various mutagenicity assay systems. Using ENU, such a com-
parison was performed between mutation induction in V79 cells in vitro and in the specific-locus assay in
the mouse. The data indicate that at equal levels of 06-ethylguanine in the DNA of V79 cells and in
testicular DNA from male mice treated with ENU, the frequencies of induced mutants in both assay
systems were quite similar. These results support the concept that the determination of premutagenic
DNA adducts in vivo can be used to monitor exposure to chemical mutagens and that genetic risk esti-
mations may ultimately be performed on the basis ofsuch measurements and ofcomparative mutagenesis
in vitro and in vivo.
Introduction
Quantitative comparisons of genetic effects induced
by a chemical in different organisms and assay systems
are usually made on the basis of the exposure concen-
tration ofthe chemical. Although such comparisons can
be useful when closely related strains of the same mi-
croorganism are compared, or when different lines of
mammalian cells are compared under identical treat-
ment conditions, they do not take into account possible
differences in penetration into the cells, in metabolism
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ofthe chemical, or effects due to the distribution ofthe
chemical or its activated form into different organs of
a mammal. One way to estimate the possible effects of
these various processes is the use of DNA adduct for-
mationasparameterforcomparative studies. However,
this requires not only the development of methods to
detect and quantify the different types ofDNA adducts
caused by the chemical under study, but it should also
be known which of the DNA adducts are responsible
for the type of genetic endpoint under study. Infor-
mation concerning this last item may be obtained by
comparing in one assay system the effects of different
chemicals which cause similar types of DNA adducts
but in different proportions (1-3).
We have investigated this concept using a number of
ethylating agents and comparing their potency for the
induction of gene mutations in E. coli and mammalian
cells in culture (V79 Chinese hamster cells). These in-
vestigations showed that the frequency of 06-ethyl-
guanine in DNAis agood indicatorformutationinductionVAN ZEELAND ET AL.
of these compounds in E. coli as well as in cultured
mammalian cells. In addition mutation induction in the
mouse has been quantified for ethylnitrosourea (ENU),
using the mouse specific-locus assay, which determines
the mutation rate at seven different loci in the offspring
ofmale mice, treated with the chemical. Parallel to these
genetic tests, adduct formation in DNA ofdifferent or-
gans ofthe mouse, including the testis, has been quan-
tified using the same exposure levels ofthe mutagen as
used inthe genetic tests. The results showthat atequal
frequencies of 06-ethylguanine in DNA of cultured
mammalian cells and in testicular DNA of the mouse,
mutation induction at the HPRT locus in cultured cells
and the mean mutation frequency at the seven loci in
the mouse specific-locus assay are very similar. These
data suggest that the extent of DNA adduct formation
and the degree ofmutagenesis per DNA adduct formed
in cultured mammalian cells can be used as a reliable
dosimeter for the estimation of genetic effects induced
in living animals.
Materials and Methods
Chemicals
(1-3H)Ethylmethane sulfonate was obtained from New
England Nuclear at a specific activity of 4.8 Ci/mmole
in diethyl ether. Stock solutions of 100 mM were pre-
pared in PBS, pH = 7.2, as described earlier (4). The
final specific activity ranged from 22 to 52 mCi/mmole.
(2-3H)Ethylnitrosourea was obtained from New Eng-
land Nuclear at a specific activity of 2.58 Ci/mmole in
ethanol. Stock solutions of25 to 50 mM were prepared
in a phosphate buffer, pH = 6 (mouse experiments), or
in a phosphate-citrate buffer, pH = 6 (experiments
withE. coli and V79 cells), as described earlier (4). The
final specific activity ranged from 20 to 80 mCi/mmole.
(2-3H)Diethyl sulfate was obtained from New England
Nuclear as a pure compound at a specific activity of770
mCi/mmole. Stock solutions (60 mM) were prepared in
40% DMSO/PBS at a final specific activity of260 to 280
mCi/mmole. N-(1-3H)-ethyl-N'-nitro-N-nitrosoguani-
dine was obtained from Amersham as a solid compound
at a specific activity of 150 mCi/mmole. The compound
was solubilized in pure DMSO which was subsequently
diluted with PBS. The final stock solution was 5 mM in
10% DMSO/PBS with a specific activity of 150 mCi/
mmole. The stock solutions forthe genetic experiments
wereprepared asdescribedforthe3H-labeledmutagens
except that unlabeled mutagens were used. All stock
solutions were prepared just before use.
E. coli
Escherichia coli, K-12 strain 343/113, was grown as
described (4). Stationary cells were treated with the
mutagensinPBS. Overnightcultureswerewashedwith
PBS and concentrated 40 times in PBS. A 1.9 mL por-
tion of each concentrated suspension was mixed with
the stock solution of the test chemical and PBS was
added to a final volume of2.5 mL. The cells were then
incubated for 1 hr (ENU, DES) or 2 hr (EMS) at 370C.
For the determination ofgenetic effects the cells were
washed and diluted in medium to 5 x 10' cells/mL and
incubated overnight at37°C inorderto allowexpression
ofinduced mutations. Nalidixic acid resistance was de-
termined by plating 108 cells on agar plates containing
25 mg/mL ofthe selective agents (4). DNA adduct for-
mation was determined in experiments where 3H-la-
beled mutagens were used, and DNA was isolated
immediately after treatment of the cells.
V79 Chinese Hamster Cells
V79 cells were grown in Ham's F10 medium without
hypoxanthine and thymidine and supplemented with 15%
newborn calf serum and antibiotics. Cells were treated
withmutagensinsuspension inPBS at37°C. Treatment
with ENU, DES (1 hr) and EMS (2 hr) was at 108 cells
in 2.5 mL and with ENNG (1 hr) at 108 cells in 5 mL.
Following the treatment, the cells were washed, and
mutation induction at the HPRT locus was determined
as described earlier (5). DNA adduct formation was
determined in experiments where 3H-labeled mutagens
were used; the DNA was isolated immediately after
treatment ofthe cells.
Mouse Specific-Locus Assay
Thedetermination ofthefrequency ofgene mutations
at seven different genetic loci in the offspring of mice
treatedwith ENU was carried outas described (6). (101
x C3H)F1 malemice, 10 to 12 weeks old, wereinjected
IP with ENU stock solution. The exposure levels were
40, 80, 160, and250mg/kg. Immediatelyaftertreatment
each male was caged separately with an untreated fe-
male homozygous for the following markers: a/a, b/b,
cch p/cchp, d se/d se, s/s. The offspring were counted,
sexed, and carefully examined externally at birth. The
litters were examined again when cages were changed,
the final examination being at weaning age. The clas-
sification based on the phenotype was frequently con-
firmed by an allelism test.
DNA adduct formation in several organs ofthe treated
males was determined in experiments where 3H-ENU
(45 mCi/mmole) was used. At 2 hr after injection of3H-
ENU, the liver, bonemarrow, andtesteswereremoved
and frozen until DNA was extracted.
Detection of DNA Adducts
DNA from E. coli and V79 cells was isolated as de-
scribed earlier (4). DNA from different organs of the
mouse was isolated as described by Margison et al. (7).
The total level of ethylations in DNA was determined
as described (4). In part ofthe experiments (E. coli and
V79 cells treated with EMS and ENU) the frequency
of7-ethylguanine and 06-ethylguanine was determined
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Figure 1. Induction of mutations (NAL'8) in E. coli by (O) EMS,
(0) DES, and (V) ENU.
afterhydrolyzes ofDNAin0.1 M HCI overnight at 37°C
and separation of the modified bases using Sephadex
G10 chromatography (4). In all other experiments, the
DNA was hydrolyzed by heating for 30 min at 100°C in
5 mM Bis-tris, pH = 7, followed by heating for 30 min
at 70°C in 0.1 M HC1. The samples were cooled on ice,
centrifuged and the supernatant was analyzed for the
presence of06-ethylguanine, 7-ethylguanine, 3-ethylad-
enine, and 02-ethylcytosine, using high-pressure liquid
chromatography (HPLC) with aPartisil 10 SCX column
as described by Beranek et al. (8). The amount ofDNA
on the HPLC column was determined bymeasuringthe
surface of the adenine and guanine peaks in the chro-
matogramsandcalibrationwithknownamountsofthese
two compounds.
Results
E. coli
Mutation induction, measured as NALres, after treat-
ment with the three ethylating agents EMS, ENU, and
DES, is shown in Figure 1. ENU is the strongest mu-
tagen when compared on the basis ofthe exposure con-
centration, whereas EMS has the lowest mutagenic
potency. The frequency of several DNA adducts has
been determined immediately after treatment with 3H-
labeled EMS, ENU, or DES. The data in Figure 2 are
plotted on a log-log scale which means that ifan adduct
shows a proportional increase with the exposure con-
centration, the slope ofthe line should be 1. This is the
case for most ofthe adducts shown, except for the fre-
quency of 06-ethylguanine which shows an exponential
increase in the case ofEMS and ENU. The explanation
for this probably lies in the presence of low levels of
alkyltransferase (9) in these cells, which is able to re-
movealkylgroupsfromthe O6-positionofguanine. Since
each protein molecule can do this only once, this repair
process becomes probably saturated at higher exposure
concentration. Although all three compounds used do
induce similar type ofDNA adducts, the exposure con-
centration is not a good parameter for comparing mu-
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Figure 2. Frequency of several ethylation products in DNA of E. coli as a function of the exposure concentration of EMS, DES, or ENU:
(U) total alkylations, (0) 7-ethylguanine, (0) 06-ethylguanine, (O) 02-ethylcytosine, and (V) 3-ethyladenine.
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Figure 3. Induction of mutations (NALreS) in E. coli as a function
ofthe amount of06-ethylguanine in DNA immediately after treat-
ment with (Li) EMS, (V) ENU, or (0) DES.
tation induction, judging from the large differences in
mutation frequency at equal exposure levels (Fig. 1).
We compared, therefore, mutation induction by these
compounds using each of the measured DNA adducts
as parameter. The data in Figure 3 show that at equal
frequency of 06-ethylguanine mutation induction in E.
coli was very similar for the three compounds. This was
not the case when the comparisons were made using
the other measured DNA adducts as parameters.
Therefore 06-ethylguanine mightbe responsible for mu-
tation induction in E. coli by these chemicals and is at
least a good indicator for mutation induction.
V79 Chinese Hamster Cells
Similar experiments were carried out with cultured
V79 cells where mutation induction at the HPRT locus
was measured as resistance to 6-thioguanine. The data
on mutation induction, shown in Figure 4, indicate also
in this case a large variation in mutagenic potency among
the ethylating compounds tested. The ranking of the
mutagenic potency compared on the basis of the expo-
sure concentration was similar to the ranking found in
E. coli. ENNG was by far the most powerful mutagen.
This compound was already active in micromolar con-
centrations compared with millimolar concentrations for
the other three chemicals. The frequency of several
ethylation products found in DNA, immediately after
treatment, as a function of the exposure concentration
is plotted in Figure 5. In contrast with the results found
in E. coli, the slopes of the lines for the frequency of
06-ethylguanine was close to 1, suggesting that there
is no fast removal of some 06-ethylguanine at low ex-
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Figure 4. Inductionofmutations (HPRT-deficiency) inV79 Chinese
hamster cells by (C) EMS, (0) DES, (V) ENU, and (U) ENNG.
posure concentrations in V79 cells. The frequency of3-
ethyladenine following treatment with DES was con-
siderablyhigherinthese cellsthanfoundinE. coli (Fig.
2), suggesting that this lesion is already removed in E.
coli during the 1-hr treatment time with DES. A com-
parison ofmutation induction usingthe frequency ofO6-
ethylguanine as the parameter shows that for all four
ethylating compounds, the data points fall on a single
straight line (Fig. 6). This indicates that in cultured
mammalian cells, 06-ethylguanine is probably also re-
sponsible for the induction of gene mutations by these
alkylating agents. Mutation induction did not correlate
with any ofthe other measured DNA adducts.
Mouse-Specific Locus Assay
Mutation induction in the mouse-specific locus assay
was determined using ENU as mutagenic compound.
The data in Table 1 show that only mutations were
observed in the offspring conceived 42 days or more
after injection with ENU. This indicates that sperma-
togonia in the mouse are much more mutable than post-
spermatogonial stages of spermatogenesis. Parallel to
these genetic experiments, DNA adduct formation was
determined in DNA from mouse testis as well as in
different organs ofthe animals, 2 hrafterinjection with
3H-ENU. The data in Table 2 show that the formation
ofDNA adducts is considerably higher in DNA isolated
fromthe liverthanin DNAfromtestis orbone marrow.
The ratio of the amounts of 06-ethylguanine and of 7-
ethylguanine wasfurthermore considerablylowerinthe
case ofliver compared to DNA fromtestis orbone mar-
row. A comparison between the dose-response rela-
tionships of DNA adduct formation in testicular DNA
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Figure 5. Frequency ofseveral ethylation products in DNA of V79 Chinese hamster cells as a function ofthe exposure concentration ofEMS,
DES, ENU, or ENNG: (U) total alkylations, (0) 7-ethylguanine, (0) 06-ethylguanine, (0) 02-ethylcytosine, and (V) 3-ethyladenine.
andmutation induction in spermatogonia is made in Fig-
ure 7. DNA adduct formation is not linear with the
exposure of ENU, suggesting a threshold at low ex-
posure levels. The line drawn in Figure 7B through the
data points for mutation induction was fitted by eye.
However, a statistical analysis ofthe data does not ex-
clude the possibility that the line should be drawn
through the origin. In that case there would be no
threshold for mutation induction by ENU in the mouse.
Discussion
Mutationinduction inE. coli and inV79Chinese ham-
ster cells, as well as the formation ofseveral ethylation
products in their DNA were determined following ex-
posure to a series of ethylating agents. The data show
that the ranking ofthe mutagenic potency ofthese com-
pounds was similar in both test systems, namely
ENNG>ENU>DES>EMS. In both assay systems, the
data points of mutants induced plotted against the
amount of 06-ethylguanine formed were situated on a
single line, indicating that 06-ethylguanine may be re-
sponsible for mutation induction by these chemicals in
these assay systems. At least 06-ethylguanine is a good
parameter for the prediction of mutation induction by
anethylatingagent. Acomparison ofthe absolutevalues
of the frequency of gene mutations in E. coli and V79
cells, made atequallevels of06-ethylguanine showsthat
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Figure 6. Induced mutations (HPRT-deficiency) in V79 Chinese
hamster cells as a function of the amount of 06-ethylguanine in
DNA immediately after treatment with (LI) EMS, (V) ENU, (0)
DES, or (U) ENNG.
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Table 1. Induction of specific-locus mutations in male mice by ethylnitrosourea.
Exposure, mg/kg Germ cell stage treated Mutations per locus No. of mutantsa No. of Fl offspring
40 Post-spermatogonia 0 0 5028
80 0 0 4660
160 0 0 4416
250 0 0 3360
40 Spermatogonia 3.8 x 10- 3 11410
80 21.5 x 10-5 20 13274
160 52.8 x 10-5 35(32) 8658
250 83.4 x 10-5 64(57) 9766
Historical control 0.84 x 10-5 19(13) 222153
aMutants were scored at seven different loci. Numbers in parentheses are independent events (corrected for clusters).
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Figure 7. Plots of (A) the frequency of several ethylation products in testicular DNA of the mouse as a function of the exposure to ENU.
(0) 7-ethylguanine, (0) 06-ethylguanine, (V) 3-ethyladenine, and (0) 0'-ethylcytosine; (B) induced mutations (mean of seven loci) in the
mouse as a function of the exposure to ENU.
mutation induction in E. coli is about 50 times lower
than in V79 cells. Both genetic markers used are for-
ward mutations. Therefore mutation data obtained in
this E. coli system cannot be used to predict absolute
values of induced frequencies ofgene mutations in cul-
tured mammalian cells.
A similar comparison was made between the data
obtained withmammalian cells in culture and the mouseEXTRAPOLATION OF GENETIC EFFECTS 169
Table 2. Induction of DNA adducts in different organs of mice by ethylnitrosourea.a
Ethylations per nucleotide at various ENU exposures
Organ DNA adduct 80 mg/kg 160 mg/kg 250 mg/kg
Testis 7-ethylguanine 2.27 x 10-6 6.06 x 10-6 12.10 x 10-6
06-ethylguanine 1.12 x 10-6 3.27 x 10-6 6.04 x 10-6
3-ethyladenine 0.57 x 10-6 1.33 x 10-6 2.77 x 10-6
02-ethylcytosine 0.33 x 10-6 0.73 x 10-6 1.24 x 10-6
Bone marrow 7-ethylguanine 3.00 x 10-6 5.36 x 10-6 11.0 x 10-6
06-ethylguanine 2.26 x 106 4.86 x 10-6 6.96 x 10-6
3-ethyladenine 1.07 x 10-6 2.16 x 10-6 3.19 x 10-6
O2-ethylcytosine 0.42 x 10-6 1.01 x 10-6 1.57 x 10-6
Liver 7-ethylguanine 17.4 x 10-6 36.8 x 10-6 57.0 x 10-6
06-ethylguanine 7.14 x 10-6 17.1 x 10-6 25.6 x 10-6
3-ethyladenine 3.03 x 10-6 9.06 x 10-6 13.5 x 10-6
02-ethylcytosine 2.39 x 10-6 5.29 x 10-6 7.79 x 10-6
aDNA was isolated 2 hr after IP injection of3H-ENU.
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Figure 8. Induced mutations in (V) V79 Chinese hamster cells and
(L) in the mouse specific-locus assay as a function of the amount
of 0-ethylguanine in DNA of V79 cells and mouse testis,
respectively.
specificlocus assay (Fig. 8). The results showthatwhen
06-ethylguanine is used as parameter for the compari-
son, very similar mutation frequencies per locus are
observed. Apparently, itmaybepossible toextrapolate
genetic data obtained with cultured mammalian cells to
genetic effects to be expected in whole animals, molec-
ular dosimetry being used to generate the parameters
for the extrapolation (10). The data in Figure 7 are not
conclusiveconcerningthequestionwhetherthereexists
a no-effect level in the mouse at low exposure levels of
ENU. Experiments are presently under way to mea-
sure the fornation of DNA adducts in testicular DNA
after ENU exposures of 10 to 40 mg/kg.
We thank Prof. F. H. Sobels for his continuous encouragement and
support during these studies. The competent technical assistance of
Anton de Groot and Peter de Knijffis gratefully acknowledged. This
workwas supported bythe KoninginWilhelmina Fonds, projects No.
IKW 81.89 and IKW 81.92 and by the European Environmental Re-
search Programme, Contracts ENV-534-NL and ENV-637-D(B).
REFERENCES
1. Heffich, R. H., Beranek, D. T., Kodell, R. L., and Morris, S. M.
Inductionofmutationsandsister-chromatid exchangesinChinese
hamster ovary cells by ethylating agents. Relationship to specific
DNA adducts. Mutat. Res. 106: 147-161 (1982).
2. Natarajan, A. T., Simons, J. W. I. M., Vogel, E. W., and van
Zeeland, A. A. Relationship between cell killing, chromosomal
aberrations, sister-chromatid exchanges and point mutations in-
duced by monofunctional alkylating agents in Chinese hamster
cells. Mutat. Res. 128: 31-40 (1984).
3. Newbold, R. F., Warren, W., Medcalf, A. S. C., and Amos, J.
Mutagenicityofcarcinogenicmethylated agents isassociated with
a specific DNA modification. Nature 283: 596-599 (1980).
4. Mohn, G. R., Kerklaan, P. R. M., van Zeeland, A. A., Ellen-
berger, J., Baan, R. A., Lohman, P. H. M., and Pons, F.-W.
Methodologies for the determination ofvarious genetic effects in
permeable strains ofE. coli K-12 differing in DNA repair capac-
ity. Quantification of DNA adduct formation, experiments with
organ homogenates and hepatocytes, and animal-mediated as-
says. Mutat. Res. 125: 153-184 (1984).
5. vanZeeland, A. A., and Simons,J. W. I. M. Lineardose-response
relationships after prolonged expression times in V79 Chinese
hamster cells. Mutat. Res. 35: 129-138 (1976).
6. Ehling, U. H. Specific locus mutations in mice. In: Chemical Mu-
tagens, Vol. 5 (A. Hollaender, Ed.), Plenum Press, 1978, pp.
233-256.
7. Margison, G. P., Margison, J. M., and Montesano, R. Accumu-
lation of 06-methylguanine in non-target-tissue deoxyribonucleic
acid during chronic administration of dimethylnitrosamine.
Biochem. J. 165: 463-468 (1977).
8. Beranek, D. T., Weis, C. C., and Swenson, D. H. A comprehen-
sivequantitativeanalysisofmethylated andethylated DNAusing
high pressure liquid chromatography. Carcinogenesis 1: 595-606
(1980).
9. Karran, P., Lindahl, T., and Griffin, B. Adaptive response to
alkylating agents involves alteration in situ of06-methylguanine
residues in DNA. Nature 280: 76-77 (1979).
10. Sobels, F. H. The parallelogram: an indirect approach for the
assessmentofgeneticrisksfromchemicalmutagens. In: Progress
in Mutation Research, Vol. 3 (K. C. Bora, G. R. Douglas, and E.
R. Nestman, Eds.), Elsevier Biomedical Press, Amsterdam, 1982,
pp. 323-327.